GaN-based ultraviolet light-emitting diodes (UV LEDs) emitting at wavelength as short as 375 nm have attracted considerable attention for a variety of applications such as sterilization, disinfection, water and air purification, biochemistry, and solid-state lighting[@b1][@b2][@b3][@b4][@b5]. However, due to the lack of mass-produced bulk GaN substrate, GaN-based UV LEDs are generally grown on foreign substrate such as a sapphire substrate by metal-organic chemical vapor deposition (MOCVD) technique[@b6]. Although light output power (LOP) of GaN-based UV LEDs has been greatly improved[@b7], the performance of GaN-based UV LEDs grown on sapphire substrate is still limited by the crystalline quality of GaN epilayers because of large mismatch in lattice constant and thermal expansion coefficient between GaN and sapphire substrate, leading to a high threading dislocations (TDs) density (10^7^--10^10^ cm^−2^) in GaN epilayers[@b8][@b9]. This high TD density would generate numerous non-radiative recombination centers, thereby deteriorating the optical and electrical properties of GaN-based devices[@b10][@b11]. Compared with GaN-based blue LEDs, the efficiency of GaN-based UV LEDs with low In concentrations is more sensitive to TD-related non-radiative recombination centers because of the lack of localized states in multiple quantum well (MQW) active region[@b12][@b13]. Therefore, it is of particular importance to reduce TD density in GaN epilayers for realization of highly efficient UV LEDs[@b14].

To overcome the large lattice mismatch between GaN and sapphire, a low temperature GaN or AlN nucleation layer (NL) is commonly introduced prior to growth of GaN epilayers at high temperature[@b15][@b16]. Furthermore, several techniques, such as epitaxial lateral overgrowth (ELO)[@b17][@b18][@b19], pendeoepitaxy[@b20], cantilever epitaxy[@b21], *in-situ* SiN~*x*~ nanomasks[@b22], and patterned sapphire substrate (PSS)[@b23][@b24][@b25] have been employed to reduce TD density. It is reported that high-quality GaN epilayers with reduced TD density can be obtained using a sputtered AlN NL on sapphire substrate[@b26][@b27][@b28][@b29][@b30]. The quality of GaN epilayers is sensitive to the growth of NL. A systematic comparative study of the effects of *in-situ* low temperature GaN/AlGaN NLs and *ex-situ* sputtered AlN NL on crystalline quality, optical and electrical properties of UV LEDs is also not well investigated yet. In addition, crystalline quality of GaN epilayers is also closely correlated with the thickness of NL[@b31][@b32]. However, effects of the sputtered AlN NL thickness on crystalline quality, optical and electrical properties of UV LEDs is not well understood yet.

In this study, we demonstrate InGaN/AlInGaN UV LEDs grown on PSS with *in-situ* low temperature GaN/AlGaN NLs and *ex-situ* sputtered AlN NL. The growth behaviors of GaN on PSS with GaN/AlGaN/sputtered AlN NLs were comparatively investigated. We show that the sputtered AlN NL can enhance *c*-plane growth and suppress growth of GaN on cone region of PSS, which can effectively eliminate the undesirable GaN islands on the inclined sidewall of PSS and thus suppress the generation of TDs from coalescence of GaN islands. We also show that with AlGaN NL, the LOP of UV LED is 18.2% higher compared to UV LED with GaN NL owing to a decrease in the absorption of 375 nm UV light in the AlGaN NL with a larger bandgap. With sputtered AlN NL instead of AlGaN NL, the LOP of UV LED is further enhanced by 11.3% due to a reduced TD density in InGaN/AlInGaN MQW. We have further demonstrated that the thickness of sputtered AlN NL has a significant influence on crystalline quality, optical and electrical properties of UV LEDs.

Results and Discussion
======================

Structural characterization
---------------------------

A schematic illustration of UV LED structure is shown in [Fig. 1(a)](#f1){ref-type="fig"}. The UV LEDs were grown on *c*-plane cone-shaped patterned sapphire substrate (PSS) with GaN/AlGaN/sputtered AlN NLs. The epitaxial structures of these UV LEDs are identical except for the NLs. [Figure 1(b)](#f1){ref-type="fig"} shows the cross-sectional TEM image of InGaN/AlInGaN MQW, last AlInGaN quantum barrier layer, p-AlInGaN layer, and five-pair p-AlInGaN/InGaN superlattices. [Figure 1(c,d)](#f1){ref-type="fig"} show eighteen-pair InGaN/AlInGaN superlattices as strain release layer and n-AlGaN interlayers inserted between high temperature GaN layers to improve crystalline quality, respectively.

The growth behaviors of the GaN on PSS without NL and with GaN/AlGaN/sputtered AlN NLs for various thickness, namely, 30, 300, 700, and 1000 nm, were observed by scanning electron microscopy (SEM). [Figure 2(a--d)](#f2){ref-type="fig"} show SEM images of the morphological evolution occurring in GaN grown on PSS without NL. [Figure 2(e--h)](#f2){ref-type="fig"} show SEM images of the morphological evolution occurring in GaN grown on PSS with low temperature GaN NL. [Figure 2(i--l)](#f2){ref-type="fig"} show SEM images of the morphological evolution occurring in GaN grown on PSS with low temperature AlGaN NL. [Figure 2(m--p)](#f2){ref-type="fig"} show SEM images of the morphological evolution occurring in GaN grown on PSS with sputtered AlN NL. Without NL, GaN grains mainly grow on the cone region of PSS rather than on the *c*-plane sapphire region as shown in [Fig. 2(a--d)](#f2){ref-type="fig"}. During the growth process, the GaN grains do not merge to form bigger GaN grains, leading to the unsuccessfully grown GaN thin film. With the *in-situ* low temperature GaN and AlGaN NLs, the growth of GaN is not only on the *c*-plane sapphire region, but also on the cone region of PSS as shown in [Fig. 2(e--h)](#f2){ref-type="fig"} and [Fig. 2(i--l)](#f2){ref-type="fig"}. However, with *ex-situ* sputtered AlN NL, the GaN grow on flat *c*-plane sapphire region rather than on the cone region of PSS, and a two-dimensional lateral growth proceeds favorably for a certain period covering the cone region of PSS as shown in [Fig. 2(m--p)](#f2){ref-type="fig"}. On the basis of these observations, it is speculated that the sputtered AlN NL can provide better coverage conditions to enhance *c*-plane growth and suppress growth on the cone region. Reflectance traces and temperature profiles during the growth of GaN on PSS without NL and with GaN/AlGaN/sputtered AlN NLs are shown in [Fig. S5](#S1){ref-type="supplementary-material"}.

Structural characteristics of the GaN/AlGaN/sputtered AlN nucleation layers
---------------------------------------------------------------------------

[Figure 3](#f3){ref-type="fig"} shows cross-sectional TEM images of GaN grown on PSS with GaN/AlGaN/sputtered AlN NLs. [Figure 3(b,c)](#f3){ref-type="fig"} show magnified TEM images of GaN NL marked by the red square in [Fig. 3(a)](#f3){ref-type="fig"}. [Figure 3(e,f)](#f3){ref-type="fig"} show magnified TEM images of AlGaN NL marked by the red square in [Fig. 3(d)](#f3){ref-type="fig"}. [Figure 3(h,i)](#f3){ref-type="fig"} show magnified TEM images of sputtered AlN NL marked by the red square in [Fig. 3(g)](#f3){ref-type="fig"}. By contrast, it is observed that the *ex-situ* sputtered AlN NL can provide more uniform thickness across the PSS compared with *in-situ* low temperature GaN/AlGaN NLs. In addition, with the low temperature GaN/AlGaN NLs, there exists a large number of GaN islands on the inclined sidewall of PSS as shown in [Fig. 3(a,d)](#f3){ref-type="fig"}, which is consistent with the observation from SEM images of [Fig. 2(f)](#f2){ref-type="fig"} and [Fig. 2(j)](#f2){ref-type="fig"}. It is believed that GaN islands on the inclined sidewall of PSS have larger misorientation than those on the flat *c*-plane sapphire, since the GaN islands on the inclined sidewall of PSS nucleate at various crystalline planes rather than single *c*-plane[@b33]. Therefore, higher TD density will generate when GaN islands on the flat *c*-plane sapphire region merge with GaN islands on the inclined sidewall of PSS[@b34][@b35]. However, with the sputtered AlN NL, fewer GaN islands appear on the inclined sidewall of PSS, as shown in [Fig. 3(g)](#f3){ref-type="fig"} and [Fig. 2(n)](#f2){ref-type="fig"}, which suppresses the generation of TDs through the coalescence of GaN islands from the flat *c*-plane sapphire substrate and inclined sidewall of PSS.

Threading dislocation (TD) density in the GaN epilayers
-------------------------------------------------------

The cross-sectional TEM images of UV LEDs grown on PSS with GaN/AlGaN/sputtered AlN NLs are shown in [Fig. 4](#f4){ref-type="fig"}. The bright-field cross-sectional TEM images of UV LEDs with GaN/AlGaN/sputtered AlN NLs are demonstrated in [Fig. 4(a,d and g)](#f4){ref-type="fig"}, where the type of dislocation including screw (S), edge (E), and mixed (M) is marked. [Figure 4(b,e and h)](#f4){ref-type="fig"} show the bright-field TEM images with g = 0002 for UV LEDs with GaN/AlGaN/sputtered AlN NLs. [Figure 4(c,f and i)](#f4){ref-type="fig"} show bright-field TEM images with g =  for UV LEDs with GaN/AlGaN/sputtered AlN NLs. The edge and screw dislocations have Burgers vectors (b~*e*~ =  and b~*s*~ = , respectively). According to the invisibility criteria[@b36], only the screw and mixed dislocations are visible in [Fig. 4(b,e and h)](#f4){ref-type="fig"} when g = 0002; only edge and mixed dislocations are visible in [Fig. 4(c,f and i)](#f4){ref-type="fig"} when g = [@b37][@b38]. It is clearly observed that most of these dislocations are visible for both g = 0002 and g =  and are thus identified as mixed dislocations. By contrast, it is found that the TD density in UV LED with sputtered AlN NL is the lowest, whereas that in UV LED with AlGaN NL is the highest.

[Figure 5](#f5){ref-type="fig"} shows symmetric (002) and asymmetric (102) *ω*-scan rocking curves of UV LEDs with GaN/AlGaN/sputtered AlN NLs, respectively. The full widths at half-maximum (FWHMs) of the symmetric (002) rocking curve of UV LEDs with GaN/AlGaN/sputtered AlN NLs are 268.6, 280.5, and 270.4 arcsec, respectively. The FWHMs of the asymmetric (102) rocking curve of UV LEDs with GaN/AlGaN/sputtered AlN NLs are 262, 267, and 208.2 arcsec, respectively. Compared to UV LEDs with low temperature GaN NL, a slight increase of the (002) FWHM and (102) FWHM for UV LED with low temperature AlGaN NL is observed. Furthermore, the (102) FWHM of UV LED with sputtered AlN NL is much lower than that of UV LED with GaN NL. It was previously reported that the FWHMs of symmetric (002) and asymmetric (102) rocking curve are mainly influenced by screw and edge dislocation densities, respectively[@b39][@b40]. The TD density can be estimated from the FWHMs of X-ray rocking curve *ω*-scan (002) and (102) diffractions using the following equation[@b41][@b42].

where N is the dislocation density, \|*b*\| is the magnitude of the Burgers vector, and *β* is the FWHM of the X-ray rocking curve. According to [Eq. (1)](#eq7){ref-type="disp-formula"}, the screw dislocation densities in UV LEDs with GaN/AlGaN/sputtered AlN NLs are calculated to be 1.449 × 10^8^, 1.581 × 10^8^, and 1.469 × 10^8^ cm^−2^, respectively; the edge dislocation densities in UV LEDs with GaN/AlGaN/sputtered AlN NLs are calculated to be 3.647 × 10^8^, 3.788 × 10^8^, and 2.303 × 10^8^ cm^−2^, respectively. The edge dislocation density in UV LED with sputtered AlN NL shows a dramatic reduction compared to UV LEDs with GaN/AlGaN NLs, whereas the screw dislocation densities in UV LEDs with GaN/AlGaN/sputtered AlN NLs are quite similar. The XRD rocking curves are in good agreement with the results obtained from cross-sectional TEM analyses.

[Figure 6](#f6){ref-type="fig"} shows symmetric (002) and asymmetric (102) *ω*-scan rocking curves of UV LEDs grown on PSS with various sputtered AlN NL thicknesses. When the thickness of sputtered AlN NL is respectively 10, 15, 20, and 25 nm, the FWHMs of GaN (002) rocking curve of UV LEDs are 409.7, 253.7, 260.4, and 270.4 arcsec, respectively; the FWHMs of GaN (102) rocking curve of UV LEDs are 344.6, 202.5, 204.6, and 208.2 arcsec, respectively. As the sputtered AlN NL thickness is decreased to be 10 nm, a steep increase of the (002) FWHM and (102) FWHM is observed, indicating a dramatic degradation of crystalline quality. In the sputtered AlN thickness range of 10--25 nm, the screw dislocation densities in UV LEDs are calculated to be 3.374 × 10^8^, 1.294 × 10^8^, 1.363 × 10^8^, and 1.469 × 10^8^  cm^−2^, respectively; the edge dislocation densities in UV LEDs are calculated to be 6.309 × 10^8^, 2.179 × 10^8^, 2.224 × 10^8^, and 2.303 × 10^8^ cm^−2^, respectively. An appreciable increase of TD density in UV LED is observed as the thickness of sputtered AlN NL is decreased to be 10 nm.

Optical and electrical characteristics of the InGaN/AlInGaN UV LEDs
-------------------------------------------------------------------

Electroluminescence (EL) measurements on the UV LED devices were performed using a probe station system. The EL spectra of UV LEDs are obtained at a bias of 20 mA, which reveals the peak wavelength at 375 nm (see [Supplementary Fig. S6](#S1){ref-type="supplementary-material"}). [Figure 7](#f7){ref-type="fig"} shows the LOP--current--voltage (L--I--V) characteristics of UV LEDs with 25-nm-thick GaN/AlGaN/sputtered AlN NLs. At an injection current of 20 mA, the LOPs of UV LEDs with 25-nm-thick GaN/AlGaN/sputtered AlN NLs, as shown in [Fig. 7(a)](#f7){ref-type="fig"}, are 7.24, 8.56, and 9.53 mW, respectively; the forward voltages of UV LEDs with 25-nm-thick GaN/AlGaN/sputtered AlN NLs are 3.46, 3.49, and 3.39 V, respectively, as shown in [Fig. 7(b)](#f7){ref-type="fig"}. The LOP of UV LED with 25-nm-thick AlGaN NL is 18.2% higher than that of UV LED with 25-nm-thick GaN NL. At 20 mA, the LOPs of UV LEDs with various sputtered AlN NL thicknesses (10, 15, 20, and 25 nm) are 7.81, 9.66, 9.61, and 9.53 mW, respectively, as shown in [Fig. 7(c)](#f7){ref-type="fig"}; the forward voltages of UV LEDs with various sputtered AlN NL thicknesses (10, 15, 20, and 25 nm) are 3.54, 3.37, 3.38, and 3.39 V, respectively, as shown in [Fig. 7(d)](#f7){ref-type="fig"}. A significant decrease in LOP of UV LED is observed as the thickness of sputtered AlN NL is decreased to be 10 nm.

Although the TD density in UV LED with AlGaN NL is larger than that in UV LED with GaN NL, the LOP of UV LED with AlGaN NL is higher than that of UV LED with GaN NL. It was previously reported by Hasegawa *et al*. that optical absorption coefficient of low temperature GaN NL is markedly larger than that of GaN bulk layer due to massive dislocation defects caused by lattice mismatch between GaN and sapphire[@b43]. In addition, as the bonding energy of Al-N bond is higher than that of Ga-N bond, the imperfect nature of Ga-N bonds in the low temperature AlGaN is considered to be in favor of forming more Al-N bonds in the AlGaN NL if the gas phase composition (TMAl/(TMGa + TMAl)) is high enough[@b44]. Here, the gas phase composition (TMAl/(TMGa+TMAl)) for growth of low temperature AlGaN is 0.33, and Al composition in AlGaN NL is estimated to be 0.7. The bandgap of Al~0.7~Ga~0.3~ N NL calculated by Vegard\' law is about 5.36 eV, which is much larger than the bandgap of GaN NL. Consequently, the increase in LOP of UV LED with AlGaN NL can be attributed to a decrease in the absorption of 375 nm UV light in the AlGaN NL with a larger bandgap.

It is indicated in [Fig. 3](#f3){ref-type="fig"} that unfavorable GaN islands on the inclined sidewall of PSS can be effectively eliminated with sputtered AlN nucleation layer, which can suppress the formation of TDs caused by coalescence of GaN islands from the flat *c*-plane sapphire region and inclined sidewall of PSS. Through the results obtained from XRD and TEM, it is also found that the UV LED with sputtered AlN NL shows a dramatic reduction in edge dislocation density in comparison to UV LEDs with GaN/AlGaN NLs. Accordingly, we conclude that the enhancement of LOP of UV LED between sputtered AlN NL and AlGaN NL is dominated by the lower TD density. In the sputtered AlN thickness range of 10--25 nm, the TD density in UV LED with 10-nm-thick sputtered AlN NL is significantly higher than those with thickness of 15, 20, and 25 nm in terms of the results obtained from XRD, thereby leading to a decrease in LOP of UV LED with 10-nm-thick sputtered AlN NL.

Conclusion
==========

In summary, we have conducted a comparative study of the effects of GaN/AlGaN/sputtered AlN NLs on the crystalline quality, optical and electrical properties of UV LEDs. A series of experiments were carried out to clarify the growth behaviors of GaN on PSS with GaN/AlGaN/sputtered AlN NLs, which demonstrated that sputtered AlN NL can provide a better coverage conditions to enhance *c*-plane growth and suppress growth on cone region of PSS. By replacing GaN NL with AlGaN NL, the LOP of UV LED is improved by 18.2%, which is attributed to a decrease in the absorption of UV light in the transparent AlGaN NL with a larger bandgap. Using a sputtered AlN NL instead of the AlGaN NL, a further improvement of 11.3% in LOP of UV LED is obtained owing to a reduced TD density in InGaN/AlInGaN MQW active region. In the sputtered AlN thickness range of 10--25 nm, the LOP of UV LED with 15-nm-thick sputtered AlN NL is the largest, suggesting that the optimum thickness of the sputtered AlN NL is around 15 nm.

Methods
=======

Growth and device fabrication
-----------------------------

The cone-shaped PSS was fabricated by combining a thermally reflowed photoresist technique and an inductively coupled plasma (ICP) etching process[@b45][@b46]. The bottom diameter, height, and spacing of cone-shaped PSS are about 2.7, 1.7, and 0.3 *μ*m, respectively. After preparing the PSS, a thin AlN NL was deposited on the 2-in. *c*-plane (0001) cone-shaped PSS by reactive magnetron sputtering. A 2-in. diameter aluminum layer (99.999% Al) was used as sputtering target. The thin AlN layers with different thicknesses (10, 15, 20, and 25 nm) were deposited on PSS at 650 °C by feeding 120 sccm N~2~, 30 sccm He, and 1 sccm O~2~. By contrast, a 25-nm-thick low temperature GaN NL and a 25-nm-thick low temperature AlGaN NL were also grown on 2-in. *c*-plane (0001) PSS at 530 °C by metal-organic chemical vapor deposition (MOCVD) (see [Supplementary Fig. S1](#S1){ref-type="supplementary-material"}) after a standard H~2~ cleaning process at 1050 °C. Trimethylgallium (TMGa), triethylgallium (TEGa), trimetlhylaluminum (TMAl), and trimethylindium (TMIn) were used as group III sources. Ammonia (NH~3~), silane (SiH~4~), and bis(cyclopentadienyl)magnesium (Cp~2~Mg) were used as the group V sources, n-type dopant, and p-type dopant, respectively. The growth process was monitored by laser reflectance with a wavelength of 633 nm. A comparative observation of reflectance traces during the growth of GaN epitaxial layers on different NLs, and the corresponding variation of growth temperature are shown in [Supplementary Figs S2](#S1){ref-type="supplementary-material"} and [S3](#S1){ref-type="supplementary-material"}.

The GaN-based UV LEDs, which were grown on both *in-situ* GaN/AlGaN NLs and *ex-situ* sputtered AlN NL in an AIXTRON Crius II_L close coupled showerhead reactor, consisted of a 2.75-*μ*m-thick undoped GaN layer grown at 1025 °C, a 90-nm-thick n-AlGaN layer (n-doping = 2 × 10^18^ cm^−3^) at 970 °C, a 2.23-*μ*m-thick heavily Si-doped n+-GaN layer (n-doping = 1.5 × 10^19^ cm^−3^) at 1025 °C, a 30-nm-thick n-AlGaN layer (n-doping = 9 × 10^18^ cm^−3^) at 1025 °C, a 170-nm-thick lightly doped n-GaN layer (n-doping = 9 × 10^17^ cm^−3^) at 1025 °C, a 144-nm-thick InGaN/AlInGaN superlattices (SLs) at 820 °C, an InGaN/AlInGaN MQW active region including six pairs of 2.7-nm-thick InGaN well layers at 763 °C and 10.3-nm-thick AlInGaN barrier layer at 840 °C, a 19-nm-thick AlInGaN layer (last quantum barrier) at 840 °C, a 28-nm-thick p-AlInGaN layer (p-doping = 1.7 × 10^20^ cm^−3^) at 925 °C, a 26-nm-thick p-AlInGaN/InGaN SLs (p-doping = 1.7 × 10^20^ cm^−3^) at 925 °C, a 50-nm-thick p-GaN layer (p-doping = 6 × 10^19^ cm^−3^) at 950 °C, and a 10-nm-thick heavily Mg-doped p+-GaN layer (p-doping = 1.6 × 10^20^ cm^−3^) at 710 °C.

A transparent conductive indium tin oxide (ITO) layer was used as a p-type ohmic contact layer. A Cr/Pt/Au metallization was deposited as p-type and n-type electrodes, respectively. Finally, the UV LED wafers were diced into chips with size of 203 × 279 *μ*m^2^. We fabricated and characterized six types of UV LEDs, including UV LED with 25-nm-thick low temperature GaN NL, UV LED with 25-nm-thick low temperature AlGaN NL, UV LED with 10-nm-thick sputtered AlN NL, UV LED with 15-nm-thick sputtered AlN NL, UV LED with 20-nm-thick sputtered AlN NL, and UV LED with 25-nm-thick sputtered AlN NL.

Measurements
------------

The crystalline quality of UV LEDs grown on PSS with GaN/AlGaN/sputtered ALN nucleation layers was characterized by high-resolution X-ray diffraction (XRD), scanning electron microscopy (SEM), and cross-section transmission electron microscopy (TEM). Light output power--current--voltage (L--I--V) characteristics of UV LEDs were measured using an integrating sphere and a semiconductor parameter analyzer (Keysight B2901A).
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![(**a**) Schematic illustration of UV LED structure. (**b**,**c**), and (**d**) Cross-sectional TEM images of UV LED structure.](srep44627-f1){#f1}

![Morphological evolution of GaN grown on PSS with thickness of approximately 30, 300, 700, and 1000 nm, respectively.\
(**a**--**d**) Top-view SEM images of GaN grown on PSS without NL. (**e**--**h**) Top-view SEM images of GaN grown on PSS with GaN NL. (**i**--**l**) Top-view SEM images of GaN grown on PSS with AlGaN NL. (**m**--**p**) Top-view SEM images of GaN grown on PSS with sputtered AlN NL.](srep44627-f2){#f2}

![Cross-sectional TEM images of GaN grown on PSS with (**a**) 25-nm-thick GaN NL, (**d**) 25-nm-thick AlGaN NL, and (**g**) 25-nm-thick sputtered AlN NL. 1^*st*^ Row: The magnified TEM images of GaN NL on (**b**) flat *c*-plane sapphire and (**c**) inclined sidewall of PSS. 2^*nd*^ Row: The magnified TEM images of AlGaN NL on (**e**) flat *c*-plane sapphire and (**f**) inclined sidewall of PSS. 3^*rd*^ Row: The magnified TEM images of sputtered AlN NL on (**h**) flat *c*-plane sapphire and (**i**) inclined sidewall of PSS.](srep44627-f3){#f3}

![Cross-sectional TEM images of UV LEDs grown on PSS with GaN/AlGaN/sputtered AlN NLs.\
Bright-field TEM images of UV LED grown on PSS with (**a**) GaN NL, (**d**) AlGaN NL, and (**g**) sputtered AlN NL, zone axis GaN \[\]. Bright-filed TEM images of UV LED with (**b**) GaN NL, (**e**) AlGaN NL, and (**h**) sputtered AlN NL when g = 0002. Bright-filed TEM images of UV LED with (**c**) GaN NL, (**f**) AlGaN NL, and (**i**) sputtered AlN NL when g = .](srep44627-f4){#f4}

![(**a**) Symmetric (002) and (**b**) asymmetric (102) XRD *ω*-scan rocking curves of UV LEDs grown on PSS with GaN/AlGaN/sputtered AlN NLs.](srep44627-f5){#f5}

![XRD *ω*-rocking scans of (**a**) symmetric (002) and (**b**) asymmetric (102) for UV LEDs grown on PSS with various sputtered AlN NL thicknesses.](srep44627-f6){#f6}

![Comparison of optical and electrical characteristics of UV LEDs grown on PSS with different NLs.\
(**a**) L-I curves of UV LEDs with 25-nm-thick GaN/AlGaN/sputtered AlN NLs. (**b**) I-V curves of UV LEDs with 25-nm-thick GaN/AlGaN/sputtered AlN NLs. (**c**) L-I curves of UV LEDs with various thicknesses of sputtered AlN NL. (**d**) I-V curves of UV LEDs with various thicknesses of sputtered AlN NL.](srep44627-f7){#f7}
